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Adenylate KinaseFabian Zeller1 and Martin Zacharias1,*
1Physics Department, Technical University Munich, Garching, GermanyABSTRACT The enzyme adenylate kinase (ADK) features two substrate binding domains that undergo large-scale motions
during catalysis. In the apo state, the enzyme preferentially adopts a globally open state with accessible binding sites. Binding
of two substrate molecules (AMP þ ATP or ADP þ ADP) results in a closed domain conformation, allowing efficient phosphoryl-
transfer catalysis. We employed molecular dynamics simulations to systematically investigate how the individual domain
motions are modulated by the binding of substrates. Two-dimensional free-energy landscapes were calculated along the
opening of the two flexible lid domains for apo and holo ADK as well as for all single natural substrates bound to one of the
two binding sites of ADK. The simulations reveal a strong dependence of the conformational ensembles on type and binding
position of the bound substrates and a nonsymmetric behavior of the lid domains. Altogether, the ensembles suggest that,
upon initial substrate binding to the corresponding lid site, the opposing lid is maintained open and accessible for subsequent
substrate binding. In contrast, ATP binding to the AMP-lid induces global domain closing, preventing further substrate binding
to the ATP-lid site. This might constitute a mechanism by which the enzyme avoids the formation of a stable but enzymatically
unproductive state.INTRODUCTIONEnzymes have developed elaborate strategies to efficiently
catalyze reactions fundamental for cell function. As such,
large-scale domain motions coupled to substrate binding
are essential for the activity of a large number of enzymes
(1). A prominent example is adenylate kinase (ADK), cata-
lyzing the reversible interconversion of ATP-MG2þ þ AMP
and ADP-Mg2þþADP. The enzyme is involved in the regu-
lation of energy homeostasis in bacteria and eukaryotic cells
(2,3).
ADK possesses two binding cavities that are specifically
occupied by AMP and ATP, or alternatively by two ADPs,
in the functional states. The cavities are each formed by a
large flexible domain termed AMP-lid and ATP-lid, in
combination with the protein core. Several crystal struc-
tures of ADK have been determined, showing that these
flexible domains can adopt an open conformation in the
absence of substrates (4,5) and a closed conformation
when substrates or inhibitors are bound (6-8) (see Fig. 1).
In the closed conformation, active site residues and sub-
strates are shielded from the aqueous environment and
arranged in a configuration appropriate for the chemical re-
action (11). The importance of the global domain rear-
rangements in the functional cycle has been emphasized
by a study identifying the domain opening as the rate-
limiting step for catalysis (12). However, despite being
crucial for the biological activity of the enzyme, theSubmitted August 3, 2015, and accepted for publication August 27, 2015.
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0006-3495/15/11/1978/8mechanistic coupling between binding of different sub-
strates and large-scale domain motion has not been fully
understood.
Nuclear magnetic resonance (NMR) spectroscopy and
fluorescence resonance energy transfer experiments indi-
cate a high degree of conformational flexibility of
ADK (5,13,14). Closing or partial closing of lids upon
binding of the respective substrates has been observed
(14-16). Evidence for different possible conformational
substates is also given by crystallography. For example, a
partially closed structure of an inactive variant of ADK
in complex with an ATP analog has been determined
that shows a closed ATP-lid and a fully opened AMP-
lid (17). The question arises how, in detail, the domain
motions and possible substates are modulated or induced
by the binding of substrates to achieve efficient catalysis.
As the substrates can potentially bind to different bind-
ing sites and to a broad ensemble of conformational
states, accessibility of the pathways is substantially
complicated.
In addition to the experiments, the dynamics of ADK and
the possible influence of different substrates have been
addressed in computational studies. Pathways between
different conformations of apo ADK have been investi-
gated making use of network models (18) or other non-
atomistic models (19,20). Several atomistic continuous
molecular dynamics (MD) simulations have been per-
formed (21-24). However, such simulations are usually
limited to timescales on which the domain rearrangements
are rare events. Alternatively, coarse-grained models allowhttp://dx.doi.org/10.1016/j.bpj.2015.08.049
Substrate-Dependent Domain Motion in ADK 1979more extensive sampling (20), but the accuracy of such
models and the implicit treatment of the solvent may not
be sufficient to analyze the influence of different substrates
on the dynamics of ADK. More recently, progress has been
made by employing advanced sampling methods in atom-
istic MD simulations on ADK (25-30). Significant contri-
butions have emerged from these studies, but as they
focused on ADK in the apo state or bound to an inhibitor,
the dynamics in the presence of natural substrates have
not been covered.
In this study, we employ atomistic MD simulations
controlling substrate type and binding location to sys-
tematically expand the picture that has been outlined by
experimental and previous simulation studies. Sampling
of the domain configurations is achieved via umbrella-
sampling simulations in combination with Hamiltonian
replica exchanges. Using these sampling techniques, two-
dimensional free-energy landscapes along the separate
domain opening motions were calculated for apo
ADK and nine different cases of bound natural substrates.
These also include nonreactive states with substrates
bound to the nondesignated lid domain. Each two-dimen-
sional free-energy landscape is based on extensive sam-
pling of >0.75 ms. The free-energy estimates from
these MD simulations contribute insight into how evolu-
tion might have optimized the protein for its specific
task, as they allow us to predict dominant features of bind-
ing and domain movement as well as to propose a mecha-
nism that possibly avoids unproductive substrate bound
states.MATERIALS AND METHODS
Force field
The AMBER ff14SB force field (31) was used for the protein descrip-
tion. The TIP3P model (32) was used for the water molecules. The
GAFF force field (33) in combination with Antechamber (34) was used
to describe the AMP molecule. Specific force-field parameters were em-
ployed for ADP and ATP (35), the magnesium ion (36), and the potas-
sium ions (37).Starting structures
A total of 10 starting structures was prepared for Escherichia coliADK: apo
ADK, ADK in complex with two ADPs and Mg, and ADK with only one of
the two binding sites occupied by AMP, ADP, ADPþMg, or ATPþMg. The
closed ADK configuration was taken from a crystal structure of ADK in
complex with the inhibitor AP5A (PDB: 1AKE (6)). For the simulations
on apo ADK, the inhibitor was removed from the structure. To construct
starting structures for the closed E. coli ADK in complex with natural sub-
strates, the configuration of two ADP molecules and a magnesium ion
bound to Mycobacterium tuberculosis ADK was taken from PDB: 2CDN
(10). The AP5A inhibitor was replaced by this substrate configuration by
least root-mean-square deviation (RMSD) fitting (9) the positions of the
adenosine and adjacent phosphate groups of the ADP molecules onto the
corresponding atom groups of AP5A (see Fig. 1). Redundant atoms were
removed from the 2ADPþMg complex in the cases of AMP, ADP andADPþMg, and an additional phosphate was added to ADP in the cases
of ATPþMg. The resulting 10 complexes were solvated withz8500 water
molecules in a periodic octahedral box with edge length of z28 A˚. The
overall charge was neutralized by adding potassium ions. The starting struc-
tures were energy-minimized, heated up, and equilibrated for a total of 2 ns
in the NTP ensemble, using AMBER14 (34) (see the Supporting Material
for details).Two-dimensional Hamiltonian replica-exchange
umbrella-sampling simulations
All sampling simulations were performed in the NVT ensemble,
using AMBER14. Details on the simulation parameters can be found
in the Supporting Material. The opening coordinates were defined
by the center-of-mass distances among the Ca atoms of residues
112–121,160–175, and 33–58 (AMP-lid), and of residues 1–28 and
125–152 (ATP-lid). Umbrella windows were set up with an intermediate
spacing of 1 A˚ in both dimensions, between 20 A˚ and 31 A˚ for the AMP-
lid opening and between 17 and 28 A˚ for ATP-lid opening distance.
Based on the equilibrated structures, starting structures for the different
umbrella windows were generated by successively applying the umbrella
potentials with a force of 4 kcal/mol/A˚2 for 100 ps, first along the AMP-
lid coordinate, then along the ATP-lid coordinate. A second set of
starting structures was generated by repeating the process in the reverse
order, starting from the previously obtained completely open structure.
Positional restraints with a force of 0.025 kcal/mol/A˚2 were applied to
the substrates during the generation of the initial umbrella window
configurations to prevent dissociation due to the enforced fast domain
motions. Sampling of the configurational space of two bound ligands
in the case of 2ADPþMg bound is considerably more demanding than
sampling of only single bound substrates. To also incorporate states
into the sampling in which the 2ADPþMg complex is broken apart (a
process that does not happen during affordable simulation times), before
the generation of the second set of starting structures the ADP molecule
bound to the AMP-lid site was driven to the open AMP-lid in the open
ADK conformation. This was accomplished by applying an RMSD re-
straint of 1 kcal/mol/A˚2 on AMP-lid and the corresponding ADP mole-
cule with respect to an open configuration from simulations of only
ADP bound to the open AMP-lid for additional 20 ps. In the simulations
of only ADP bound to the AMP-lid, this configuration occurred naturally.
Finally, two strands of two-dimensional Hamiltonian replica-exchange
umbrella-sampling (H-REMD-US) (38,39) simulations were performed
in parallel, starting from the structures generated based on the closed
and on the open state. During the sampling, no restraints besides the
umbrella potentials were applied. Neighboring umbrella windows were
allowed to exchange configurations every 1 ps according to the Metrop-
olis criterion alternately within the strands and between the two strands.
In this way, all umbrella simulations at the different positions and initi-
ated from different structures were connected. The regions in the reaction
coordinate plane corresponding to one closed and one open lid were
omitted in the H-REMD-US runs to obtain a computationally advanta-
geous number of 256 umbrella simulations, focusing sampling on the
region of interest. During the sampling runs, the umbrella potential force
was 2 kcal/mol/A˚2. Each window was sampled for 3 ns, corresponding to
6 ns of sampling for each umbrella window position, summing up to
>0.75 ms of simulation time for each of the 10 ligation states. During
the US simulations, the average internal RMSDs of the atom groups
that defined the center-of-mass distances with respect to the starting
structures measured <1.6 A˚. Only at very open configurations did the
AMP-Lid domain atom group reach a maximum internal RMSD value
of 4.0 A˚. This indicates that the center-of-mass distances are dominated
by global domain arrangements and not by internal deformations. The
rates of successful exchanges between the individual windows varied be-
tween 0.1 and 0.5. For the final potential of mean force (PMF) calcula-
tion via WHAM (40,41), the sampling data of the first of the 3 ns wasBiophysical Journal 109(9) 1978–1985
1980 Zeller and Zachariasskipped as further equilibration. Convergence of the sampling was eval-
uated by calculating the PMFs for several subsets of the total sampling
data. Details on the convergence of the sampling can be found in Figs.
S1–S10. For the substrate RMSD calculations (34), the structures from
all US trajectories were superimposed onto the starting structures with
respect to the positions of all protein atoms (least RMSD fit). These
structures were used to calculate the RMSD of all substrate atoms with
respect to the starting structures. Figs. 1, 2, and 3 show the mean sub-
strate RMSD values for 50  50 two-dimensional bins within the reac-
tion coordinate plane.RESULTS
Two-dimensional PMFs have been calculated along the
center-of-mass distance between the mobile AMP-lid and
ATP-lid domains and subsets of atoms of the protein core
of E. coli ADK (Fig. 1). This allows an independent
treatment of the movement of both domains and yields a
two-dimensional free-energy projection in which the exper-
imentally known open and closed ADK conformations are
well-separated regions. The PMF calculations are based
on H-REMD-US simulations, in which the sampling is
distributed across the reaction coordinate plane by two-
dimensional harmonic biasing potentials. In this way, the
systems are driven into regions of phase space that might
otherwise be rarely sampled. Unfavorable trapping of simu-
lations in local free-energy minima is avoided by allowing
configurations of neighboring windows to exchange accord-
ing to a Monte Carlo scheme. Every umbrella window was
seeded with starting configurations originating from a
completely closed and a completely open configuration.
This further enhances convergence of the sampling givenBiophysical Journal 109(9) 1978–1985that, due to the exchange scheme, the configurations can
rapidly diffuse along the whole reaction coordinate space
and reach an equilibrated distribution (see Materials and
Methods).Apo ADK and ADK fully occupied by 2ADPDMg
In the absence of substrates the calculated free-energy
landscape along the ADK domain opening coordinates
(Fig. 1) indicates a broad minimum in the vicinity of
the known experimental crystal structure conformation
(upper-right corner). The broad free-energy basin
allows considerable global motions of both lid domains
toward the closed holo ADK conformation without
significant changes in free energy. States with a single
closed lid are disfavored only by a few kcal/mol. How-
ever, a state within few A˚ from the completely closed
crystal structure configuration is disfavored by a free-
energy penalty of z8 kcal/mol and hence hardly acces-
sible. Analysis of the trajectories did not indicate
significant rearrangements of the positively charged key
residues in the apo form in comparison to the substrate
bound form. During the simulations, the positively
charged active sites remained partially hydrated also in
the closed conformations (Fig. S11). Apparently, in
absence of compensating negatively charged substrates,
a complete closing of the lids creates a significant free-en-
ergy penalty due the electrostatic repulsion of the buried
basic amino acids that surround the nucleotide binding
sites.FIGURE 1 (Left panels) Two-dimensional free-
energy landscapes along the opening of the AMP-
lid and ATP-lid of ADK in the apo form (top) and
in complex with 2ADPþMg (bottom). (Top-left
and bottom-right regions of the free-energy land-
scapes (white regions in the plot) were excluded
from sampling; seeMaterials andMethods.) (Middle
panel, bottom) For ADK in complex with
2ADPþMg: the RMSD of the substrates, with
respect to their configuration/position in the initial
closed state ofADK for the different domain opening
configurations during the simulations. (Right panels)
Cartoon representations (9) corresponding to the
crystal structures of apo ADK (PDB: 4AKE (4))
and fully occupied ADK (PDB: 1AKE (6)). AMP-
lid (blue) and ATP-lid (red) residues and the corre-
sponding opening coordinates (dashed lines). The
original AP5A inhibitor of the closed E. coliAdeny-
lateKinase in PDB: 1AKEwas replacedby twoADP
molecules and a magnesium ion (spheres), taken
from PDB: 2CDN (10) (seeMaterials andMethods).
(Circle) The lid configuration corresponding to the
crystal structure in the closed state is indicated in
the PMF. The crystal structure configuration of
open apo ADK is located at (30.9, 29.8). To see
this figure in color, go online.
Substrate-Dependent Domain Motion in ADK 1981The calculated free-energy landscape in the presence of
two ADP molecules and a magnesium ion located at the
AMP and ATP binding sites predicts a global free-energy
minimum coinciding with an experimental holo crystal
structure (with a bound AP5A inhibitor). Indeed, NMR so-
lution studies on E. coli ADK (14) but also crystal structures
of ADK with two bound ADP molecules (8) indicate close
similarity of inhibitor bound and double ADP bound closed
ADK structures. Interestingly, a free-energy plateau can be
observed for intermediate configurations. Only in the close
vicinity of the global minimum complete closing is induced
by a steep free-energy gradient, allowing initiation of the
enzymatic reaction. Importantly, the simulations predict
greater possible fluctuations and flexibility in the ATP-lid
direction than in the AMP-lid direction. This is supported
by recent crystal structures of ADK in complex with two
ADP molecules (8), which in comparison to the AP5A-
bound crystal structure show very similar arrangements of
core and AMP-lid domain, but a slightly more open ATP-
lid domain.
It should be noted that during the sampled timescales, the
2ADPþMg complex stays close to the ADK closed form
configuration (indicated by the small variation of the sub-
strate RMSD with respect to its configuration in the closed
form (Fig. 1)). In a realistic scenario, at a certain degree of
domain opening, the substrate complex will eventually
partly dissociate. The PMF for holo ADK therefore provides
a good estimate of the free-energy landscape only in the
vicinity of closed configurations.Single site occupation of the ATP-lid by different
substrates
Using the same H-REMD-US methodology, two-dimen-
sional free-energy landscapes for the ADK domain motions
were calculated for four different substrates (AMP, ADP,
ADPþMg, ATPþMg) bound to the ATP-lid binding site
(Fig. 2). Binding of AMP, ADP, or ADPþMg does not result
in drastic changes of the free-energy landscape in compari-
son to the apo form, only a shift of the ensembles toward
more closed ATP-lid configurations and decreased lid-lid
distances can be observed. Facilitation of AMP-lid closing
is not indicated. The presence of Mg in the ADP case leads
to a slightly more open ATP-lid ensemble. This is in line
with the reported acceleration of lid opening upon addition
of Mg (8).
In contrast, binding of ATPþMg allows open and closed
ATP-lid configurations and additionally influences the
AMP-lid motion. A secondary free-energy minimum at a
completely closed configuration can be identified. The
free-energy basins around the minima are broad, indicating
that the mobilities of the lids are maintained. These findings
are strongly supported by a recent NMR study: upon binding
of ATP to the ATP-lid, interconversion between open and
closed ATP-lid states and an equilibrium between openand closed AMP-lid states with a slightly higher population
of open states was observed (14).
Notably, ADP and ATP vary only slightly in position and
orientation during ATP-lid opening and remain at the core
part of the ATP binding site (Fig. 2, low substrate RMSD,
snapshots). This finding coincides with a recent NMR study
indicating initial binding of ATP to the core part of the ATP-
binding site, not to the residues in the mobile ATP-lid
domain (42). AMP, presumably due to the very low binding
affinity to the ATP binding site (Kd¼ 1.7 mM (14)), exhibits
significant mobility within the binding site upon domain
opening (Fig. 2).Single site occupation of the AMP-lid by different
substrates
In another series of H-REMD-US simulations, the ADK
domain motion upon binding of AMP, ADP, ADPþMg,
and ATPþMg to the AMP-lid site was investigated
(Fig. 3). For substrates binding to the AMP-lid, coupling
to the ATP-lid dynamics can be observed. Binding of
AMP to the AMP-lid results in a relatively flat domain open-
ing free-energy landscape. The global minimum of the lid
configurations is shifted toward the closed state, and the
free-energy penalty to sample the completely closed state
is significantly lowered in comparison with apo ADK. In
NMR experiments, fluctuations between closed and open
conformations upon binding of AMP to the AMP-lid were
also reported (14). Partial closing of the ATP-lid was also
observed in energy transfer experiments upon addition of
AMP (15). Binding of ADP or ADPþMg drastically
changes the free-energy landscape, leading to a free-energy
minimum at the closed state. The free-energy gradient along
the AMP-lid coordinate is steeper, but also ATP-lid closing
is favored. As in the ATP-lid site case, ADPþMg leads to
slightly more open configurations than ADP alone, again
in line with faster lid opening (8). For ATP bound to the
AMP-lid site, additionally, a strong tendency toward ATP-
lid closing is indicated.
In contrast to the ATP-lid binding pocket, substrate
arrangement in the AMP-lid pocket changes significantly
upon domain opening. AMP and ADP remain attached to
the AMP-lid and partially follow its opening movement
(Fig. 3, snapshots). This is also shown by the increased sub-
strate RMSD with respect to the equilibrated closed form
configuration.DISCUSSION
Despite many efforts in experimental and simulation
studies, a full understanding of the global domain motion
of ADK and its coupling to substrate binding is still lacking.
In this study, free-energy landscapes, along with the changes
in conformation of ADK for basically all possible ligation
states with natural substrates and the apo form, have beenBiophysical Journal 109(9) 1978–1985
FIGURE 2 (Left panels) Two-dimensional free-
energy landscapes along the opening of the AMP-
lid and ATP-lid of ADK with AMP, ADP,
ADPþMg, or ATPþMg bound to the ATP-lid bind-
ing site (see panel title). (Middle panels) Mean
RMSD of the substrate with respect to its configu-
ration in the initial closed state of ADK at the
different domain opening configurations during
the simulations. (Right panels) Exemplary snap-
shots from the sampled trajectories (cartoon repre-
sentation) with the corresponding positions in the
free energy plot indicated as circles. To see this
figure in color, go online.
1982 Zeller and Zachariascalculated. To adequately capture the conformational rear-
rangements, the two lid domains were controlled individu-
ally by means of two-dimensional US simulations. This
comprehensive approach allows a systematic analysis of
the interplay between substrate binding and lid motion. Sig-
nificant differences in the free-energy landscapes were ob-
tained for not only the apo and holo forms of ADK, but
also for between the complexes that included only single
substrates at the different binding sites.
The calculated two-dimensional PMF for apo ADK
agrees qualitatively with experimental findings (12,13,17),
which indicate a high degree of global flexibility and theBiophysical Journal 109(9) 1978–1985possibility of adopting closed-like states even in the absence
of substrates. However, our simulations indicate a signifi-
cant free-energy barrier for adopting a completely closed
state with both lid opening coordinates within a few A˚
from the crystal structure conformation of the holo enzyme.
In particular, in fluorescence resonance energy transfer
studies (13), closing of ADK in the absence of substrate
or inhibitors was observed. It is, however, not clear if
the experimental spatial resolution is indeed sufficient to
distinguish completely closed states from closed-like states
that do not significantly differ in hydration of the polar
and charged residues near the substrate binding sites. The
FIGURE 3 (Left panels) Two-dimensional free-
energy landscapes along the opening of the
AMP-lid and ATP-lid of ADK with AMP, ADP,
ADPþMg, or ATPþMg bound to the AMP-lid
binding site. (Middle panels) Mean RMSD of the
substrate with respect to its configuration in the
initial closed state of ADK at the different domain
opening configurations during the simulations.
(Right panels) Exemplary snapshots from the
sampled trajectories (cartoon representation)
with the corresponding positions in the free energy
plot indicated as circles. To see this figure in color,
go online.
Substrate-Dependent Domain Motion in ADK 1983calculated free-energy landscape for the apo form argues
against a pure conformational selection mechanism for
substrate binding. This is also supported by NMR studies
on single substrate binding to ADK (42). Previous MD
simulation studies that were either based on an implicit
solvation model (26) or performed in explicit solvent
also predicted a significant penalty for complete closing
in the apo form (22,30). The simulations on holo ADK
suggest that opening of the ATP-lid is the most likely first
step in the release of the substrates (or products), as the
free-energy landscape indicates a higher mobility of the
ATP-lid compared to the AMP-lid in the holo form. Because
domain opening is the rate-limiting step for catalysis (12), it
appears reasonable that the opening motion of one of thelids in the holo state is not disfavored by a steep free-energy
gradient.
Strikingly, the free-energy landscapes for single substrate
bound states of ADK strongly depend on the type and posi-
tion of the substrate. For all single substrate bound states for
which, to our knowledge, experimental data is available, the
free-energy landscapes are compatible with the experi-
mental findings (see Results). In general, we observe that
upon binding of a substrate to its corresponding lid (which
can initiate an enzymatically productive occupation state
of ADK), flexibility of the opposing lid is maintained with
significant population of open configurations. In this way,
efficient binding of the second substrate can be achieved
that, in a closed state, would be sterically hindered.Biophysical Journal 109(9) 1978–1985
1984 Zeller and ZachariasOf special interest is the possible binding of substrates to
the nondesignated lid. Presumably, binding of AMP to the
ATP-lid binding site is of little relevance because AMP
binds to the ATP binding site only weakly compared to
ATP (KD (AMP) ¼ 1700 mM versus KD (ATP) ¼ 50 mM
(14)). In line with this weak binding, in our simulations
the AMP molecule showed large mobility in the ATP-lid
site. However, the situation is different for binding of ATP
to the AMP binding site. A significant fraction of ADK mol-
ecules may bind ATP in the incorrect binding site under
equilibrium conditions (KD (ATP) ¼ 750 mM versus KD
(AMP)¼ 210 mM (42)). Note that this case is difficult to ac-
cess (or isolate) experimentally because, once the ATP-
binding site is occupied, binding of a second ATP to the
AMP site is not possible for sterical reasons. In contrast to
the productive initiation states, ATP bound incorrectly to
the AMP-lid site results in closing and restricted mobilityFIGURE 4 Schematic illustration of possible pathways initiated by
ATPþMg binding on the basis of ADK configurations obtained from the
simulations. (A) Open, flexible ADK without substrates. (B) Upon binding
of ATPþMg to the ATP-lid site, flexibility of both lids is maintained. The
AMP-lid is most probably found in open states. (C) AMP (added to the
figure) can bind to the open AMP-lid. (D) Once two adequate substrates
are bound, complete binding is induced, thereby facilitating the chemical
reaction. (E) Binding of ATPþMg to the AMP-lid site induces a global shift
to closed conformations. This may hinder further occupation of the ATP-lid
site, which would result in a stable but unproductive state. To see this figure
in color, go online.
Biophysical Journal 109(9) 1978–1985of both the AMP-lid and the ATP-lid. The closing of both
lids may prevent binding of a second incoming nucleotide
to the ATP-lid site, which would result in a stable but unpro-
ductive blocking state. Some possible processes, after initial
binding of ATPþMg (which has a much higher physiolog-
ical concentration than ADP or AMP (43)) to each of the
lids, are exemplified in Fig. 4.
More generally, we observe that the lid behavior is intrin-
sically asymmetric. While for the ATP-lid, the substrates
appear to bind with a high fraction of their affinity to the
open state and only slightly promote lid closing, the same
substrates induce a considerable stronger tendency toward
closing when bound to the AMP-lid. Given that the
ATPþAMP bound state is asymmetric, it appears necessary
that an enzyme that needs to distinguish such states evolves
asymmetric binding site lids. Additionally, providing a sta-
ble initiation state in the form of an open ATP-lid might be
beneficial for the overall catalysis rate.
The simulations indicate that ADK has evolved in a way
that initial substrate binding corresponding to productive
occupation states still maintains the opposing lid open and
accessible for the subsequent substrate. Such a behavior
could hardly be realized with only one movable lid. Further-
more, incorrect single substrate bound states might be hin-
dered from moving toward stable but unproductive fully
occupied states by closing of both lids, sterically preventing
further occupation. For enzymes like ADK, this strategy
might be necessary because considerable binding affinity
for unproductive initial occupation states cannot always be
avoided by the composition of the binding sites due to the
structural similarity of the substrates.SUPPORTING MATERIAL
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